Understanding the Quaternary is a key to estimating what the Earth's climate will be like in the future. Such studies demand high-resolution analyses based on the paleoclimatic proxy records of changing the Earth's orbital forcing and solar insolation that affect the climate system. Quaternary diatom biostratigraphy and paleoceanography have been well established based on the Quaternary marine sequences obtained by piston coring and deep-sea drilling around the Japanese Islands. This paper firstly reviews the Quaternary diatom datum levels that are directly tied to magnetic polarity, and then the late Pleistocene and Holocene rhythmic fluctuations in 
Introduction
Diatom fossils occur more frequently in sediments of the northwest Pacific than other microfossils, and with a greater diversity of species. Diatom biostratigraphy and paleoceanography have been established for the marine Quaternary around the Japanese Islands during the past 10 years (Fig. 1) . The Quaternary diatom datum levels (bio-horizons) were directly tied to the magnetic polarity in complete Quaternary marine sequences obtained by the Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP). Within the middle-to-high latitudes, the first occurrence or base (FO) of Neodenticula seminae is estimated at 2.7 Ma, the last occurrence or top (LO) of Neodenticula kamtschatica at 2.6 Ma, the LO of Thalassiosira convexa at 2.3 Ma, the LO of Thalassiosira zabelinae at 2.1 Ma, the FO of Fragilariopsis doliolus at 2.0 Ma, the LO of Neodenticula koizumii at 1.8 Ma, the LO of Thalassiosira antiqua at 1.7 Ma, the FO and LO of Proboscia curvirostris at 1.6 and 0.3 Ma respectively, the LO of Actinocyclus oculatus at 1.0 Ma, and the LO of Thalassiosira jouseae at 0.3 Ma (Koizumi, 2009) . These datum levels suggest the following evolutionary lineages: (1) from N. kamtschatica to N. koizumii, (2) from N. koizumii to N. seminae, (3) from Fragilariopsis fossilis to F. doliolus, (4) from Proboscia barboi to P. curvirostris. The spatial distributions of the appearances and disappearances of diatom species are related to environmental changes and/or to evolutionary processes. The temporal migration of species from their "home-area" to other areas is recognized by delayed first occurrences in those regions and is controlled by the fluctuating frontal boundaries between water-masses (Koizumi, 1986) . The disappearance of the species in a given region occurs in response to changing surface-water temperatures (and/or salinities), which are beyond the tolerance limitation of the species.
Paleoceanographic proxies of diatoms have been constructed using statistical methods comparing the spatial distribution of diatom species in the seafloor surface sediments to the primary production, sea-surface temperatures (SSTs) ( ! ), salinity, and other physical-chemical parameters in modern surface waters. Regression analysis was performed between the ratio of warm-and cold-water diatom species (revised diatom temperature ratio, Td´ ratio) in 123 surface sediments around the Japanese Islands and annual SSTs ( ! ) at the core sites (Koizumi, 2008;  Yamamoto, 2010, 2011) . The Td´-SSTs ( ! ) in the Tohoku Area off the northeast part of Honshu Island are generally higher than in the Japan Sea despite lower Td´ values because the warm-water species Fragilariopsis doliolus is abundant only in the TWC of the Japan Sea. Those fluctuations are synchronous with abrupt climate events reported from the different paleoclimatic proxy records in many regions of the Northern Hemisphere (Koizumi and Sakamoto, 2010; Koizumi and Yamamoto, 2011) .
The Td´-SSTs (! ) decrease during the Younger Dryas (YD) due to a weakening of both the Kuroshio and TWC (Koizumi, 2008) . The average SSTs ( ! ) in the YD are 7-9 ! lower than the present-day values in the Tohoku Area, and 6-9 ! lower than those in the Japan Sea. The early Holocene (11.6-8.2 ka) is a transitional period characterized by a long-term increasing trend of temperatures punctuated by several cooling events, while the middle Holocene (8.2-3.3 ka) coincides with the Holocene hypsithermal period and is 1-2 ! warmer than the earlier and later parts of the Holocene. The late Holocene (3.3-0 ka) neo-glacial period is marked by a generally decreasing trend of the SSTs (!), reflecting the decreased solar insolation in the Northern Hemisphere summer (Koizumi and Sakamoto, 2010) .
The middle Holocene warm period in the Tohoku Area is marked by the anti-phased SST relationship with decreasing abundances of the warm-water diatom species F. doliolus (Barron and Anderson, 2010) The purpose of this paper is to define the paleoclimatic and paleoceanographic events based on the original database for Td´-SSTs ( ! ) and diatom assemblages in a series of excellent biosiliceous sequences after 3.6 Ma at DSDP Site 436 in the Tohoku Area off the northeast Japan, and after 3.3 Ma at ODP Hole 797B and after 1.3 Ma at Holes 798A and 798C in the Japan Sea (Fig. 1 ).
Background
The onset of significant Northern Hemisphere Glaciation (NHG) at ~2.7 Ma occurred within the context of progressive Cenozoic cooling (Koizumi, 1985; Barron, 1998; Shimada et al., 2009) , and also a gradual increase in the mean global ice volume began in the interval of 3.6 Ma to 2.4 Ma (Ravelo et al., 2004 ) based on deep-sea drilling cores. Prior to the onset of NHG, the Pliocene warm period (5-3 Ma) was widely studied as an analogue of a future global climate warmer than today.
On the other hand, diatom records mainly in piston cores have shown oscillations between warm and cold Pleistocene intervals and have recorded glacial-interglacial cycles twice over 150 ka. Diatom associations and Td´-SSTs ( ! ) imply that paleohydrography around the Japanese Islands has corresponded to environmental changes such as Milankovitch cycles, Dansgaard-Oeschger cycles and/or Bond cycles on an orbital timescale between warm and cold intervals (Koizumi and Sakamoto, 2010; Yamamoto, 2010, 2011) .
Paleotemperature Estimates in the late Pliocene to early Pleistocene
The U.S. Geological Survey organized the PRISM (Pliocene Research, Interpretation, and Synoptic Mapping) Project in 1990 (Cronin and Dowsett, 1991) . In the PRISM Project, Barron (1992) proposed the use of the Twt ratio to interpret the Pliocene paleoclimatic changes in the region of DSDP Site 580 in the northwest Pacific.
In the equation The Twt ratio in this paper constitutes the associated taxa, which the Td´ ratio ( values still substitute substantially for the paleotemperatures ( ! ).
Climatic Changes based on Td´-derived SSTs ( ! ) in the late Pleistocene
Diatom records in the Tohoku Area have shown glacial-interglacial cycles twice over the past 150,000 years, which corresponds to the environmental changes on an orbital timescale (Koizumi and Yamamoto, 2010) . The high Td´-derived SSTs ( !) recognized in middle MIS 5e and 1 of the interglacial phase correlate among the cores.
Td´-SSTs ( ! ) in MIS 5e are ~5 ! higher than modern values from near-shore cores, but in the offshore cores the differences are only up to ~1.5 ! . On the other hand, the remarkable decline of Td´-SSTs ( ! ), recognized in the MIS event 6.0 at the MIS 6/5 boundary and event 5.2 in MIS 5b, correspond to the ages of Heinrich events 1-6 in the northern North Atlantic (Heinrich, 1988) .
Fluctuations in Td´-SST ( ! ) over 150,000 years show a reversed saw-tooth pattern with the duration of about 30-kyr in the southern area, but a shape of a saw-tooth at about 40-kyr periods in the northern area (Koizumi and Yamamoto, 2010) .
According to the suggestion by modern oceanographic observations and modeling, the winter Aleutian Low develop strong westerly below along the latitude of about 35° N (Ishi and Hanawa, 2005 (Alley, 1998) . A periodicity of a ~32-kyr period corresponds to the periodicity of the long-term orbital-scale ENSO (Clement et al., 1999) . The shorter period of 1.4 to 2.1-kyr corresponds to Heinrich events (Heinrich, 1988) , Dansgaard-Oeschger cycles (Alley, 1998) , the fluctuations of residual " 14 C record with variance on ~2-kyr cycle (Stuiver et al., 1991) , and the ~2-kyr cycle in the variability of ENSO activity (Moy et al., 2002) .
Td´-SSTs (! ) over 160,000 years in the southern area of the Japan Sea fluctuated at a 48-kyr period between 160-90 ka and 45-0 ka due to orbital-obliquity (tilt) cycles, and at a 23-kyr period, orbital precession cycles, during the 140-100 ka interval (Koizumi and Yamamoto, 2011) . The predominant periodicities of 2-kyr and 4-kyr periods occurred at intervals of 20 and 40 ka. However, the SSTs ( ! ) of stadial phases in the northern area could not be reconstructed because of very few marker diatom species. Diatom abundances in the Subarctic Boundary are almost negligible except during MIS 5e, 2, and 1.
Oceanic Primary Production in the late Pleistocene
The oceanic diatom abundances in the northern area are twice to three times as high as those in the southern area in the Tohoku Area off the northeast Japan. The fluctuations of abundances in the northern area show a reversed saw-tooth pattern from lower abundance to higher values at about 40-kyr periods. This pattern is opposite to a saw-tooth shape in the Td'-derived SSTs ( !) because primary production of oceanic diatoms from interglacial to glacial periods due to the orbital forcing should be promoted by vertical and lateral mixing between cold and warm waters by glacio-eustatic sea level changing closely related to the Aleutian Low (Goes et al., 2001 ).
Material and method of study

Material
We used the original database from DSDP Site 436 (Koizumi and Sakamoto, 2012 ; Table 4 appendix) in the Tohoku Area off northeast Japan, and ODP Holes 797B (Koizumi, 1992; Koizumi and Ikeda, 1997;  Table 5 appendix), Holes 798 A and C (Table 6 appendix) in the Japan Sea (Fig. 1) . The chronostratigraphic framework (sub-bottom depth-mcd versus sediment age-Ma) in the three cores is based on the paleomagnetic data (Shipboard Scientific Party, 1990a; Hamano et al., 1992) , diatom datum levels (Koizumi, 1992; Koizumi and Sakamoto, 2012) and tephrostratigraphy (Koizumi and Ikeda, 1997; Aoki and Sakamoto, 2003) as shown in Table 3 (Fig. 2) .
The paleomagnetic polarity pattern is not always obvious in the sediments from the Japan Sea, because the intensity of magnetization of the sediments is quite weak and polarity intervals are disturbed by reversed polarity intervals. Despite the uncertainties in the polarity pattern, a reasonable correlation with the Geomagnetic Reference Time
Scale for the late Pliocene-Quaternary has been defined (Table 3 curvirostris between 44.9 and 38.8 mcd, and the magnetic polarity of C1n (Brunhes) chron and C1r (Jaramillo) chron (Table 3) . Site 798 has a constant sedimentation rate of 96.66 m/m.y. with a break at 84.5 mcd (0.86 Ma) (Fig. 2) .
Methods
We chose The time series were padded with zero, and parameters # interval=0.001, start scale=4, scale width=0.001 and mother wavelet=Morlet. Significance levels were set at 10 %, and a red-noise (autoregressive lag 1) background was estimated from the alpha parameter described in Torrence and Compo (1998) .
Blanks /gaps in the data were filled up/interpolated using a cubic spline interpolant (passes exactly through each data point).
Wavelet transform is a band-pass filter which consists of convoluting the signal with scaled and translated forms of a highly time-localized wave function (the filter), so-called "mother wavelet". We chose the Morlet wavelet (a gaussian-modulated since wave) for continuous wavelet transform:
" where ! 0 is the wavelet value at non-dimensional time eta, " is a dimensionless time parameter and # 0 is the wavenumber that defines the basic resolution of the mother wavelet. A wavenumber of 6 was used (Farge, 1992) .
To avoid edge effects and spectral leakage that are produced by the finite length of the time series, the series were zero-padded to twice the data length. However, zero-padding causes the lowest frequencies near the edges of the spectrum to be underestimated as more zeros enter the series. The area delineating this region is known as the cone of influence ((Debret et al., 2007) .
The Cone of influence (COI) is the region of the wavelet spectrum in which edge effects become important and is defined here as the e-folding time for the autocorrelation of wavelet power at each scale (Table 1 of Torrence and Compo, 1998) . For concreteness, the width of a wavelet function is defined here as the e-folding time of the wavelet amplitude. This e-folding time is chosen so that the wavelet power for a discontinuity at the edge drops by a factor e-2 and ensures that the edge effects are negligible beyond this point.
The size of the COI at each scale also gives a measure of the decorrelation time for a single spike in the time series. By comparing the width of a peak in the wavelet power spectrum with this decorrelation time, one can distinguish between a spike in the data (possibly due to random noise) and a harmonic componentat the equivalent Fourier frequency.
For all local wavelet spectra, monte carlo simulation was used to assess the statistical significance of peaks.
Tohoku Area off the Northeast Japan
Hydrographic Condition
The ocean waters off the east coast of the Japanese Islands have four different surface water regions ( 
Diatom Assemblages in the Plio-Pleistocene Sequence
The difference between the Twt and Td´-SST (! ) curve is unremarkable off the northeast Japan, but the Twt ratio remarkably drops due to the predominance of cold-water extinct species N. kamtschatica at 3.6-3.2 Ma and N. koizumii at 2.2 Ma, while the Td´-SST (! ) curve does not (Fig. 4) .
The remarkable variations of paleo-temperatures based on Td´-SSTs ( ! ) at DSDP Site 436 show four conspicuous episodes: (1) decreasing from 18.5 ! at 3.5
Ma to 15.1 ! at 2.65 Ma, when approximately coincide with the lithologic change from oxidized clay to anoxic biosiliceous clay and indicate the onset of significant NHG at the first step (between 3.0 and 2.5 Ma) indicated by Ravelo et al. (2004), (2) afterwards increasing to 21.7 ! at 2.1 Ma, and then (3) 
Japan Sea
Hydrographic Condition
The Japan Sea is a semi-enclosed marginal sea located on the eastern end of the Asian continent with its eastern margin bounded by the Japanese Island Arc (Fig. 3) .
Water exchange between the Japan Sea and adjacent seas have mainly occurred through four narrow and shallow straits, the Tsushima Strait (TSS) connecting to the East China Sea, the Tsugaru Strait (TGS) to the Pacific Ocean, and the Soya Strait (SS)
and Mamiya Strait (MS) to the Okhotsk Sea. It has responded to eustatic sea-level fluctuations influenced by global climatic change during the late Quaternary, especially the glacial-interglacial period. Four main currents, the Tsushima Warm Current (TWC), the East Korean Warm Current (EKWC), the Liman Current (LC) and the North Korean Cold Current (NKCC), exist in the Japan Sea (Senjyu, 1999) . The TWC, which is a branch of the Kuroshio, meanders in the southeastern part and diverges again into two branches in the western area of the Tsugaru Strait.
Late Pliocene-Pleistocene Sequences
The period from the latest Pliocene to Pleistocene is characterized by a significant decrease in diatomaceous sedimentation, an increase in volcanic-ash production and terrigenous input, and oscillating climate. The last occurrences at 2. and 12.69 mcd were confirmed by comparing with the paleomagnetic time scale (Table   3 ).
Low frequency and high amplitude fluctuations of both Twt and Td´-SSTs ( ! ) occur between 3.2 and 3.0 Ma, when Twt gradually increases due to the remarkable decrease of cold-water taxa including extinct N. kamtschatica and N. koizumii (Fig. 5 ).
After then, the Twt ratio remarkably decreases at 2.6 Ma due to a large increase of cold-water taxa, and indicates the beginning of the glacial age defined as the Pliocene Diatom abundance decreased at the time when the Japan Sea was isolated from surrounding seas due to the drop of eustatic sea-level during the glacial to stadial phase, especially causing dissolution and/or low diatom counts in the northern area (Koizumi and Yamamoto, 2011) .
Pleistocene Sequence
Diatom Wavelet analysis for Td´-SSTs ( !) indicates a reversed saw-tooth pattern, which is characteristic in warm-water mass (Koizumi and Yamamoto, 2010) , of 48 to 24-kyr periods during 1.2-0.7 Ma, and 24 to 12-kyr periods during 0.7-0 Ma, resulting in a change from longer cycles to shorter cycles (Fig. 7) . Those periods indicate as black line (variance) is fully distinguished from red-noise showing by the dashed line (Fig.   7c ). Variability of 48 to 24-kyr periods correspondence to the orbital obliquity (tilt) and precession cycles, and also 24 to 12-kyr periods to the precession. Variability of 130-kyr periods, corresponding to orbital eccentricity, is recognized around 1.1 to 0.8
Ma. The transitional change in dominance from obliquity to precession with minor effect of eccentricity, suggesting local ocean-related climate influences around 0.8-0.7
Ma.
Conclusions
Deep-sea drilling around the Japanese Islands has provided excellent Quaternary marine materials for the study of diatom biostratigraphy and paleoceanography. Results Tables   Figure 1 Map showing the location (black star) of four DSDP-ODP holes used in this paper. Black circles are the locations of piston cores used in previous papers around the Japanese Islands. 1: MD01-2421 (Koizumi et al., 2004; Koizumi and Yamamoto, 2010) . 2: ODP Hole 1150A, and 3: ODP Hole 1151C (Koizumi and Sakamoto, 2003; Koizumi and Yamamoto, 2010) . 4: DGC-6, 5: KH-86-2-9, 6: KH-84-3-33, 7: KH-84-3-9, 8: MD01-2409, and 9: MR97-04-1 (Koizumi et al., 2006) . 10: POI-J3 and 11: CGC-8 (Koizumi, 2008) . 12: MR02-03-2, 13: MR99-04-3, 14: MR00-05-2, and 15: MR99-04-2 (Koizumi and Yamamoto, 2010) . 16: MD01-2407, 17: MD01-2408, and 18: KT94-15-5 (Koizumi and Yamamoto, 2011) . Figure 2 Sedimentation rates (sub-bottom depth-mcd versus sediment age-Ma curves based on chronostratigraphic framework (x) for three Sites in Table 3 . Symbols on each accumulation curves indicate sampling points (Table 4 -6 appendix). The wavelet power spectrum. The contour levels are chosen so that 75%, 50%, 25%, and 5% of the wavelet power is above each level, respectively. The cross-hatched region is the cone of influence, where zero padding has reduced the variance. Solid black contour indicates the 10 % confidence level, using a red-noise (autoregressive lag 1) background spectrum. c.: The global wavelet power spectrum (black line). The dashed line is the significance for the global wavelet spectrum, assuming the same significance level and background spectrum as in b. Reference: Torrence, C. and G. P. Compo, 1998: A Practical Guide to Wavelet Analysis. Bull. Amer. Meteor. Soc., 79, 61-78. Table 1 Species composition for Td´ (Koizumi, 2008) . Table 2 Species composition for Twt [=(Xw+0.5Xt)/(Xc+Xt+Xw)]. Xw: the total percentage of tropical-tropical (warm-water) taxa, Xt: the total percentage of warm-water transitional taxa, Xc: the total percentage of subarctic (cold-water) taxa. Table 3 Chronostratigraphic framework (depth vs. calendar age) in three cores used in this study. LC: last common occurrence, L: last occurrence, B: base, T: top. 8  5  :  3  :  3  '  3  9  '  5  31  8  '  34  5  4  :  3  3  5  3  4  5  :  3  3 B"C-DE"*%C&F)%.G%F&HI&>4 ?  56  :  :  4  6  3  '  3  9  38  5  31  33  '  3:  4  4  '  3  3  3  34  3  31  5  :  3 121: A)7$"")*$)'/)*)4.D) 3 6.&7$+.4$&7%&'-"-9)+& 3 65'.2&7%*%& 3 ;$,3&70$)'2*))*%4$$ 9 ;5'7@"$+4*)' 3 ;5'9*%+.F$$ 3 ;5'&$7%") 3 3 3 G4.+,-"")')%*$,) 3 =0$3.&."-+$)')"),) 3 =5'2)*2.$ 
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